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TITLE: Performance Analysis of Solar Absorbing Fluids in Channel 
Flow Incorporating Selective Surfaces 
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Analysis of volumetric solar absorption flow system incorporating an absorber plate in 
channel flow is investigated. The study includes the influence of absorbing plate location 
on the performance characteristics and the presence of phase change particles in the 
carrier fluid. The absorber plate consists of Zirconium Nitrate (ZrN) coating onto a thin 
silver (Ag) plate. Three different configurations of the absorber plate are considered in 
the channel to enhance the absorption of the incident solar radiation. In order to increase 
the thermal storage capacity of the working fluid, phase change particles of 7% 
concentration is incorporated in the analysis. Lauric acid is used as phase change particles 
and water is considered as the carrier fluid in the channel. The study is extended to 
include the effects of solar concentration and the Reynolds number on the performance 
characteristics. A numerical scheme incorporating the full radiation heating model is used 
in the simulations. The performance and pump power loss parameters are introduced to 
assess the thermal performance of the volumetric solar absorption system.  
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CHAPTER 1                                                              
INTRODUCTION 
 With the ever increasing energy demands and the exhaustion of fossil fuels becoming 
ever more real, alternate sources of energy are being sought. However, the relatively 
higher efficiencies of fossil fuel power systems make alternate energy sources less 
feasible. Currently fossil fuelled combined cycle power plants have efficiency upto 59% 
[1] while for the concentrated solar power plants efficiency is around 20% [2]. 
Solar energy utilization is one of the viable options for renewable energy applications. 
The efficient harnessing of solar radiation requires proper design and operation of 
thermal systems. There are two methods of harvesting solar energy, solar photovoltaic 
and solar thermal absorption. In photovoltaic cells, the photos in the solar light are 
absorbed by a semi-conducting material like silicon; this creates electron-hole pairs. This 
creates a potential difference which acts as driving for electrons to start moving in the 
external circuit to lower the potential difference. The composition of solar cell allows 
electrons to flow only in one direction. The solar thermal absorbers absorb the solar 
energy in a carrier fluid (water, air, etc). This energy can be used directly in air heaters or 
water heaters, or this energy can be used to produce steam to run steam turbines to 
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generate electricity. Solar thermal cells can be of concentrating type or non-concentrating 
type. Flat solar collectors are non-concentrating type while concentrating type collectors 
include parabolic trough (cylindrical collector), parabolic dish (spherical dish) or solar 
tower (using heliostats). Concentrating absorbers provide high temperatures normally 
used for electricity generation while flat absorber cells are normally used for domestic 
heating needs. 
1.1 Solar Absorbing Surfaces 
Solar selective surfaces are being used currently for absorbing the solar radiation and 
then transmit the energy to the carrier fluid. The surfaces are normally opaque and don’t 
allow solar radiation to pass to the fluid. The surface absorption increases the surface 
temperature, which increase the temperature difference between the carrier fluid and the 
surface. The high surface temperature also results in higher radiation emission loss, 
which is quadratic in nature. To take care of this high local surface temperature, the 
concept of volumetric absorption comes into consideration, whereby the surface is 
transparent and absorption takes place within the fluid itself. By doing so, the bulk 
temperature of the fluid increase while the surface temperature stays low, thus reducing 
the surface emission loss. 
The use of solar absorbing surfaces to convert solar radiative energy into thermal energy 
has been the research interest for over a decade. The location of solar absorber in the 
thermal system is important for effective and efficient harnessing of the radiative solar 
energy. This is because of the fact that the absorbing surface reflects partially incoming 
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solar radiation and acts like a thermal source radiating some fraction of the absorbed 
energy. Therefore, the selective surfaces for solar radiation absorption should have low 
reflectivity and should be located in a thermal system where the thermal system utilizes 
radiating from the selective surface. Consequently, performance analysis of thermal 
system incorporating selective surface for solar radiation absorption while leading to 
improved design configuration of the solar thermal system becomes essential. 
An experimental setup for volumetric absorber incorporating carbon particles suspended 
in different gases was made by Bertocchi et al.[3]. Estimated radiation to thermal energy 
conversion efficiencies surpassed 80% at the highest mass flow rates. Similar 
experiments were performed by Hanna et al. [4]. They conducted the experiments for 
highly concentrated solar energy and noted that the exit temperature of fluid exceeded the 
wall temperature. When air was used, the combustion of carbon particles took place, with 
the carbon combustion energy being 3-5% of the total energy absorbed. 
The use of porous solids as volumetric solar receiver was experimented by Fend et al. [5]. 
They noted that high performance absorbers could lead to inhomogeneous flux 
distribution leading to local overheating. Also flow instabilities occurred, resulting in hot 
spots and destruction of receiver. 
1.2 Phase Change Material (P.C.M.) Particles 
The use of Phase Change Material (P.C.M.) particles for increased thermal capacity is a 
promising technique, whereby P.C.M. particles undergo phase change while keeping the 
flow temperature low as compared to flow without the P.C.M. particle suspension. The 
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most important property of P.C.M. particles is high latent heat of fusion. Large amount of 
energy is absorbed by the P.C.M. particles during the phase change from solid state to 
liquid state. This stored energy is then made available as needed by solidification of the 
particles. Thus the process of melting and solidification of the suspended particles act to 
keep the temperature low within the carrier fluid. Due to this energy storing ability of the 
particles, considerable work has been done for better understanding the phenomenon 
involved and implementation of the P.C.M. particles in practice applications. In order to 
fully utilize the latent heat of fusion of P.C.M. particles, the material selected should have 
the melting temperature close to the operating temperature of the system. The particles 
should be chemically stable in the carrier fluid while being non-toxic and non-flammable. 
The particles are also expected to undergo repetitive melting and solidification, thus the 
cyclic stability is important for practical applications. For stable flow patterns, the 
particles should undergo low volume changes during the phase change. Salt hydrates are 
corrosive with poor cyclic stability, but have high melting enthalpy per unit volume. 
Paraffin is non-corrosive organic material , with good thermal stability [6]. A study[7] 
was done in 1975, on a thermal energy storage slurry consisting of paraffin encapsulated 
in spherical capsules in a water carrier. The slurry storage capacity was also shown to be 
a factor of two higher than a water system on a per unit volume basis. However the 
practical application of micrometer-particles was limited owing to issues such as fouling, 
increased pressure drop, sedimentation and erosion. The modern advancements in 
material technologies has allowed the manufacturing of nanometer-sized particles, 
overcoming the limitations due to their reduced size[8].  
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1.3 Objective 
The objectives of the work done in this thesis are summarized below. 
i. To investigate the performance of three different arrangements for the solar 
selective surface absorber, for various ranges of Reynolds number and solar 
concentration. 
ii. To incorporate the P.C.M. particles within the carrier fluid to investigate the 
effects on the performance of the system. Parameters like performance ratio and 
pressure loss parameter are introduced to evaluate the performance of the 
system. 
iii. To investigate the affect of relatively high Reynolds number on the system’s 
performance. 
1.4 Outline 
The outline of the work done in this thesis is as below. 
Chapter-1 gives an introduction to the subject matter. It describes the need for research 
into alternate energy sources to provide for the energy demands amid expected 
diminishing of petroleum sources in the future. The types of absorption systems are 
briefly discussed with discussion on the solar absorbing surfaces. Also the objectives are 
defined. 
Chapter-2 provides literature review into the application of absorbing surfaces and phase 
change particles. It presents the progress and contributions made in these fields to form 
basis of the current work.  
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Chapter-3 provides the approach used in modeling the solar energy absorbing flow 
system. The system is explained with the respective boundary conditions defined. The 
methods used in modeling the material properties are also defined. 
Chapter-4 provides the method used in numerical solution of the model already discussed 
in chapter-3. Gird independence test is provided along with the model validation of 
numerical solution with results already published in the literature. 
Chapter-5 provides the results and discussion of the numerical solution. It is sub-divided 
into three sections corresponding to each of the objective defined earlier. 
Chapter-6 presents the conclusion to the work done in this thesis. The scope of future 
work that can be done in this field is discussed. 
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CHAPTER 2                                                                  
LITERATURE REVIEW 
The review of literature consists of three sections. First section presents the work done on 
solar radiation absorbing surfaces. Second section presents the literature on slurry flow 
with Phase Change Particles. Third section is on the selection of the selective absorbing 
surface 
2.1 Solar Absorption Heating Systems 
Considerable research studies were carried out to examine volumetric absorption systems 
for solar energy harvesting and energy conversion. Lenert and Wang[9] investigated 
nanofluid volumetric receivers for solar thermal energy conversion. They provided 
insights into the utilization of volumetric receivers and energy conversion for nano-fluid 
applications. They presented a mathematical model combined with experimental study to 
optimize the volumetric absorber design. They considered Therminol VP-1 as the 
working fluid with carbon coated cobalt nanoparticles. They developed a one-
dimensional transient heat transfer model with ability to study the effects of solar 
concentration, the nanofluid height and optical thickness on the system performance. 
Their numerical results were within 20% difference with the experimental study.  They 
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found that the efficiency of the systems increased with increasing the solar concentration 
and the nanofluid height. After including the power cycle efficiency, they predicted 
optimum system efficiencies exceeding 35 %. 
Forson et al.[10] analyzed the double duct single pass solar air heater performance 
analysis. Their setup for the solar air heater operates at low to moderates temperature 
(below 60°C). Natural convection drives air through the system, with linear variation in 
physical properties of air. A reasonable agreement was demonstrated between the 
mathematical model and a full scale air heater and a small scale laboratory setup. Their 
model was capable of predicting the incident solar radiation, heat transfer coefficient, 
mean air flow rates, mean air temperature and the relative humidity at the exit of the duct. 
They showed that the performance of the collector could be improved with proper 
selection of the collector parameters and the fluid mass flow rates was the dominant 
factor in determining the overall efficiency of the thermal systems.  
Tyagi et al.[11] examined the efficiency of a non-concentrating low temperature 
nanofluid based direct absorption solar collector and compared its performance with that 
of a typical flat-plate collector. The working fluid was water with suspended aluminum 
nanoparticles. They developed a two-dimensional heat transfer analysis in which direct 
sunlight was incident on a thin flowing film of nanofluid. The effects of absorption and 
scattering within the nanofluid were accounted for the energy balance equation and heat 
transport equation were solved numerically, to temperature profile and intensity 
distribution within the nanofluid. They observed that the presence of nanoparticles 
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increases the absorption of incident radiation by more than nine times over that of pure 
water. According to the results obtained from this study, the efficiency of a direct 
absorption solar collector using nanofluid as the working fluid was found to be up to 10% 
higher than that of a flat-plate collector. 
Nwosu[12] carried out energy optimization in design of absorber in a solar air heater 
using fins. He adopted exergy optimization philosophy to optimize the maximum 
quantity of heat transferred by the fins while generating the least entropy to conserve 
exergy. He showed that high efficiency of the fin improves the heat absorption and 
dissipation potential of a solar air heater. The possibility of reducing useful energy waste 
by the application of an absorptive coating has been shown. 
Veeraragavan et al.[13] introduced analytical model for the design of volumetric solar 
flow receivers. Their model includes the investigation of the effect of heat loss, particle 
loading, solar concentration and channel height on receiver efficiency. The analytical 
model was formulated by modeling the absorption of solar radiation by the suspended 
nanoparticles as a volumetric heat release inside the flowing heat transfer fluid. The 
energy equation was solved with the surface heat losses modeled using a combined 
radiative and convective heat loss coefficient. The heat transfer fluid considered was 
Therminol VP-1 with suspended graphite particles in 1 cm deep channel with solar 
concentration of 10. They predicted an optimum total system efficiency of 0.35 for a 
dimensionless receiver length of 0.86. The analytical model was also used to estimate the 
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optimum efficiency and the corresponding optimum receiver length for different design 
configurations.  
Alvarez et al.[14] designed and tested a single glass air solar collector with the absorber 
plate made of recyclable aluminum can. The cans were blackened with common opaque 
paint having absorptance 0.903 and reflectance 0.097. A simulation model was 
implemented to determine the design parameters, with the configuration being found by a 
hydrodynamic numerical study. The resulting thermal efficiency was in agreement with 
the reported ones. They showed that the efficiency increase of air solar collector using 
recyclable aluminum cans is technically and economically feasible provided due 
consideration is given to the design. The recyclable cans reduce the cost of the absorber 
and are environmentally clean.  
Wu et al.[15] introduced the coupled radiation and flow modeling in volumetric solar 
receivers. They used ceramic foams as absorbing material in volumetric solar air receiver 
in concentrated thermal power receivers. They analyzed the temperature distribution 
within the fluid and solid domains. They included the pressure drop associated with foam 
filled receiver and the interfacial heat transfer between the foam and the flowing fluid. 
They used P1 approximation to solve the radiative heat transfer equation within the 
system. Their model shows good agreement with the experimental results. Based on their 
model, sensitivity analysis was conducted to analyze the effect of various parameters like 
velocity, porosity, mean cell size and thermal conductivity of the foam on the 
temperature profiles. The findings revealed that the thermal non-equilibrium phenomena 
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were locally important and the mean cell size had dominant effect on the temperature 
field.  
Hegazy[16] examined the performance of solar air heaters incorporating 
constant/variable flow situations. His study looks into the applicability of the analytical 
criterion model used for conventional systems to other flat type configurations. He 
assessed two basic types of air heater with flow over the absorber and on its both sides. 
Wide range of channel depth-to-length rations are used to analytically determine the 
heater performance, with the optimized ratio determined. He also investigated the effects 
of air flow rate, emissivity of plates and the heat loss coefficient.  He indicated that 
channel depth to length ratio was one of the important parameters influencing the 
performance of the solar heaters.  
Dhiman et al.[17] investigated analytically the thermal performance of a parallel flow 
packed bed solar heater. An analytical model was presented, to determine the temperature 
and heat transfer characteristics. They studied the effect of mass flow rate and porosity of 
the material on the thermal performance. Iterative numerical code was used to solve the 
combined mass and heat transfer equations. They found reasonable agreement (9.2% 
average error) of their results with the experimental results. They found 10-12% increase 
in thermal efficacy as compared to conventional non-porous air heater. They showed that 
the fraction of mass flow rate in the respective channels was dominant parameter in 
determining the thermal efficiency of the heater.  
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Sun et al.[18] examined the influence of channel depth on the performance of solar 
receiver. They used computational fluid dynamics simulations to study the effect of the 
channel depth on the energy gain. Both laminar and turbulent flow models were used. 
They showed that with the selective coating, the absorber plate should be located further 
away from the cover glazing to prevent excessive convective heat loss, with separation 
being no less than 20mm. The optimal channel depth was suggested as 10mm. Also the 
up channel depth ratio to down channel ratio should not be less than 1. Smaller channel 
depth results in significant friction loss, while larger depth increases heat loss. 
Promvonge et al. [19] examined thermal behavior of a solar heater channel fitted with 
combined rib and delta-winglet structures. Measurements are carried out in the 
rectangular channel of aspect ratio 10 and height=30mm. They showed that Nusselt 
number and friction factor were reduced when delta-winglet combined with rib 
arrangement was used. 
Ozgen et al.[20] investigated the thermal performance of double-flow flat-plate solar 
receiver with absorbing plate made of aluminum cans. This enhanced the heat transfer 
coefficient between the absorber plate and air. A single 4mm glass cover is used to 
reduce the convective and also radiative losses to the atmosphere. They experimented 
with three configurations, zig zag staggeration, arrangement in order and flat plate 
absorber. . They indicated that their findings agreed well with those presented in the open 
literature and the collector efficiency was improved through increasing fluid velocity 
(0.05kg/s). 
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2.2  P.C.M. Slurry Flow 
In the past two decades, significant efforts have been focused on the use of phase change 
material to increase the thermal performance of the solar absorber system 
Colvin et al.[21] investigated the enhancements in thermal capacitance and heat transfer 
coefficients by the use of microencapsulated phase change materials using water as the 
carrier fluid. They studied the effect of transient surges of heat in electronic components 
with applications in avionics and spacecrafts. They report doubling of the heat transfer 
coefficient with the use of Microencapsulated P.C.M.  
Roy and Sengupta [22] presented experimental study on microencapsulated P.C.M. for 
the evaluation of their properties. They found that microcapsules with wall thickness of 
30% of total volume are thermally and structurally stable for at least 100 cycles of phase 
change. They found some deterioration of the thermal properties of the particles but 
concluded that the P.C.M. microcapsules can be used in practical heat transfer systems. 
Goel et al. [23] conducted an experimental study for the evaluation of the heat transfer 
characteristics of a slurry containing n-eicosane microcapsules in water. They studied 
laminar fully developed flow in circular duct with uniform constant heat flux. They also 
studied the effect of particle diameter and degree of homogeneity of the suspension. Their 
experimental results showed up to 50% reduction in wall temperature as compared to 
single phase fluid. 15% reduction in wall temperature occurred by increasing the particle 
diameter by a factor of 2.5.  
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Charunyakorn et al. [24] provided a numerical study to determine the heat transfer 
characteristics of microencapsulated P.C.M. slurry in circular ducts. They took into 
consideration both the thermal conductivity enhancement due to particle motion and the 
latent heat of fusion. Their results show that P.C.M. slurry can sustain the fluid 
temperature by enhancing the heat transfer coefficient. They reported that for the low 
temperature applications, heat flux 2-4 times higher may be achieved that the single 
phase flow 
Choi et al. [25] provided an explanation of the physical mechanism, by which the P.C.M. 
particles enhance the convective heat transfer. They performed experiments on a circular 
tube with length 627 times the diameter, heated by a uniform heat flux. The working fluid 
was P.C.M.-Water slurry in turbulent flow. They introduced an emulsifier within the flow 
loop for the generation of very fine P.C.M. particles (~ 0.1mm). 
Zhang and Faghri [26] conducted a numerical study of microencapsulated P.C.M. slurry 
in a circular tube under laminar forced convection and constant wall heat flux. A 
temperature transforming model is used to model the phase change inside the 
microcapsule. They considered the effect of initial sub-cooling and microcapsule’s crust 
and a better agreement with the experimental results was obtained. Their results also 
showed that by increasing the phase change temperature range, the effect of the 
microcapsules on the forced convection heat transfer can be reduced significantly. 
Roy and Avanic [27] experimentally compared the microencapsulated P.C.M. slurry with 
P.C.M. emulsions and found similar results. They confirmed that the microcapsule wall 
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does not affect the heat transfer process significantly. These results were based on study 
conducted laminar forced convection conditions in a circular pipe. They studied n-
octadecane in water with up to 30% volume concentration. 
Alisetti and Roy [28] numerically studied the convective heat transfer of P.C.M. slurries 
with constant wall temperatures in circular ducts. They used a homogeneous model with 
effective specific heat method to model the phase change of the particles. They compared 
different specific heat profile and found that the impact on the final solution was less than 
4%. 
Yamagishi et al. [29] conducted study on the heat transfer enhancement using micro-
encapsulated P.C.M. in a circular tube. They studied both laminar and turbulent flows 
with uniform heat flux applied to the tube. They used particles of n-octadecane with up to 
30% volume concentration. They found that the flow regime changes from turbulent to 
laminar with increase in particle volume concentration. The local heat transfer coefficient 
was found to increase with increasing degree of turbulence, heating rate in tube and the 
particle volume concentration. 
Roy and Avanic [30] conducted a numerical study using homogeneous model, with 
effective specific heat approach for modeling phase change. A fully developed inlet 
condition was given with constant heat flux applied to the tube. They developed a 
correlation for prediction of wall temperature rise as a function of the axial length. 
Hu and Zhang [31] numerically studied convective heat transfer enhancement with 
microencapsulated P.C.M. slurry in a circular tube subjected to a constant heat flux.  
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They used a homogeneous model for solving the fluid flow and heat transfer of the 
P.C.M. slurry in the tube. The melting of P.C.M. particle was modeled using the effective 
specific heat method. They compared four different specific heat functions for modeling 
the phase change of P.C.M. particles within the melting range and reported that the 
knowledge of exact nature of phase change process is more important in the thermal entry 
region. The degree of enhancement in heat transfer is greater in thermally fully developed 
region as compared to thermal entry region. Increase in bulk Reynolds number was also 
found to increase heat transfer significantly for a given fluid.  
Awad et al. [32] studied heat transfer enhancement in a micro-channel flow with a 
presence of phase change particles in a carrier fluid. They demonstrated that the Nusselt 
number increased significantly in the wall region because of the phase change particles in 
the flow system. 
2.3  Selective Surface  
A selective surface [33] is one that has high absorptance and low emittance, thus has the 
ability to harness the solar energy effectively while limiting the losses due to emission. 
For spectrally selective surface, the lower wavelength solar radiation is absorbed and low 
surface emission occurs of the higher wavelength. Cutoff wavelength is the wavelength 
below which the absorption is high and above it emission is low. The cutoff wavelength 
is preferred to be 2 µm as most of the solar radiation lie below this wavelength and low 
temperature surface emission lies above 2 µm wavelength.  
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There are several criterion used for evaluating the solar selective surface. Ideally the 
absorptance is limited to 0.99 while the emittance is limited to 0.01. Any surface near 
these values is considered good. Ratio of absorptance to emittance also provides 
information about degree of selectivity. For non-selective surface, the ratio is 1. For ideal 
selective surface, the ratio is 99. Any surface with ratio greater than 10 is considered 
good. The best indicator to determine the usefulness of solar selective surface is the 
conversion efficiency, CE. It is defined as[34] 
a e
s
Q QCE
Q
−
=  
Where Qa is the absorbed solar flux, Qe is the emitted solar flux and Qs is the incoming 
solar flux. 
Zirconium Nitride coating, 0.16µm thick, on Silver (ZrN–Ag) tends to follow good 
pattern for selective surface having transition wavelength centered a 2 µm. It has 
absorptance of 0.86 and emittance of 0.039 at 600K, with conversion efficiency of 0.52 
[33]. 
 In the present study, the thermal performance of solar heater system incorporating the 
selective surface in a channel is investigated. Influence of location of absorbing plate and 
the flow Reynolds number on the performance characteristics of the flow system is 
analyzed. Water is used as a working fluid and numerical scheme incorporating radiation 
absorption and emission is adapted for the thermal and flow analysis 
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CHAPTER 3                                                                                          
THE MODEL STUDY 
This chapter contains the detailed information about the models used for formulating the 
fluid flow, radiative heat transfer and P.C.M. particles. The first section presents the 
mathematical model for single phase fluid flow. The second section gives information 
about the Discrete Ordinates Radiation model. The third section presents the 
mathematical treatment of the PCM slurry. In the fourth section, the problem definition 
and the boundary conditions are defined. 
3.1 Single phase model 
The governing equations used for the single phase model are continuity, momentum and 
energy equation with an additional radiative transfer equation to model the radiation heat 
transfer. The equations are shown below: 
Continuity equation 
0v∇⋅ =

 (3.1.1) 
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Momentum equation  
( ) 2vv p vρ µ∇⋅ = −∇ + ∇

 (3.1.2) 
Energy equation  
( )( ) ( )pv c T k T Sρ∇⋅ = ∇ ⋅ ∇ +

 (3.1.3) 
 
where v is the carrier fluid velocity, ρ is the carrier fluid density, p is the pressure, µ is the 
carrier fluid viscosity. E represents the energy per unit mass, k represents the carrier fluid 
thermal conductivity, T is the temperature of the carrier fluid and S represents the energy 
source which is obtained from the solution of the radiative transfer equation solved in 
Discrete Ordinates Radiation Model. 
3.2 Discrete Ordinates (DO) Radiation model 
In Discrete Ordinates Radiation Model, the radiative transfer equation (RTE) is solved 
for finite number of discrete solid angles, determined by the angular discretization. Each 
solid angle is associated with a vector direction s , which is fixed in relation to the global 
cartesian system (x, y, z). The radiative transfer equation is transformed into a transport 
equation, determining the radiation intensity in the spatial cartesian system (x, y, z). The 
radiative transfer equation is then iteratively solved for each of the solid angles.  
4
2( ( , ) ) . ( , ) . . TI r s s a I r s a n σ
π
∇⋅ + =
    
 (3.2.1) 
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Where I is the radiation intensity, which depends on position r and direction s , a is the 
absorption coefficient, n is the refractive index, σ  is the Stefan-Boltzmann constant and 
T is the local temperature. 
The uncoupled implementation of DO model is used, which is suitable for low optical 
thicknesses, in the uncoupled implementation, equations for the energy and radiation 
intensities are solved one by one, assuming prevailing values for other variables. [35] 
Figure  3.1 shows the nomenclature used for angular discretization of the spatial location. 
The angles θ  and φ  are the polar and azimuth angles respectively. Each octant of the 
angular space 4π  at any spatial location is discretized into *N Nθ φ  solid angles, with 
only four octants being solved in two-dimensional calculations due to symmetry. 
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Figure  3.1. The Nomenclature for definition of Solid angles 
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3.2.1. Boundary Treatment for Opaque Wall 
Opaque wall boundary condition takes into consideration the emission from the wall with 
part of the incoming radiation on the wall being absorbed and the remaining radiation 
reflected back.  
Figure  3.2 shows the boundary treatment for the opaque wall. The incident radiation inq   
is reflected diffusely and specularly, depending on the diffuse fraction df  
The radiation quantities computed at the opaque boundary are as follows 
Emission from the wall surface = 2 4w wn Tε σ  (3.2.2) 
Diffusely reflected energy = (1 )d w inf qε−  (3.2.3) 
Specularly reflected energy = (1 )d inf q−  (3.2.4) 
Absorption at the wall surface = d w inf qε  (3.2.5) 
Where df  is the diffuse fraction, n is the refractive index of the adjacent medium, wε is 
the wall emissivity, σ  is Boltzmann's constant, and wT is the wall temperature. 
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Figure  3.2. Boundary treatment for Opaque Wall [35] 
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3.2.2 Boundary Treatment for Semi transparent Wall 
Absorption within a semi transparent wall is not taken into consideration owing to zero 
thickness of the wall. For absorption within the wall, solid cells are to be used to 
explicitly, modeling the thickness. The interface reflectivity at semi transparent wall is 
based on Fresnel equation. The transmitted radiation is refracted depending on the 
refractive index following Snell’s law.  
Figure  3.3 shows a graphical representation of Snell’s law.  A ray traveling from a semi-
transparent medium a with refractive index an  to a semi-transparent medium b  with a 
refractive index bn  in the direction s

 is shown. Surface a of the interface is the side that 
faces medium a, similarly, surface b faces medium b. The interface normal n  is assumed 
to point into side a. 
A part of the energy incident on the interface is reflected, and the rest is transmitted. The 
reflection is specular, so that the direction of reflected radiation is given by 
2( . )rs s s n n= −
    
 (3.2.6) 
The radiation transmitted from medium a to medium b undergoes refraction. The 
direction of the transmitted energy, ts
 , is given by Snell's law:  
sin sinab a
b
n
n
θ θ=  
(3.2.7) 
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where aθ  is the angle of incidence and bθ  is the angle of transmission,  
The interface reflectivity on side a  is governed by Fresnel equation given by 
2 2
cos cos cos cos1( )
2 cos cos cos cos
a b b a a a b b
a
a b b a a a b b
n n n nr s
n n n n
θ θ θ θ
θ θ θ θ
    − −
 = +   + +     

 (3.2.8) 
Figure  3.4 shows the semi-transparent boundary treatment. inq is the incident radiation 
from medium a, part of it is reflected with the reflectivity given by Fresnel equation 
(3.2.8). This reflected radiation can be diffuse or specular, based on the value of diffuse 
fraction df . The transmitted radiation undergoes refraction based on Snell’s law. The 
diffusive behavior of transmitted radiation is controlled by the diffuse fraction df . 
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Figure  3.3. Reflection and Refraction of Radiation at the Interface Between Two Semi-
Transparent Media [35]  
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Figure  3.4. Boundary treatment for Semi transparent Wall [35] 
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3.3 Modelling Phase Change Particles 
The homogeneous model is used to model the P.C.M. particles. This unified model was 
found to effectively model the P.C.M. particles by A.B.S. Alquaity[36]. In this model the 
perticles and carrier fluid are assumed to have the same temperature and velocity. 
Effective thermo-physical properties are used to solve the governing equations of mass, 
momentum and energy. 
1. The flow in the channel is steady and laminar 
2. The particles are distributed homogeneously inside the channel. 
3. The bulk fluid is Newtonian. 
4. The phase change of particles occur between the solidus and liquidus 
temperatures. 
The governing equations for the homogenous model with effective properites are shown 
below. 
Continuity equation   
0v∇⋅ =

 (3.3.1) 
Momentum equation  
( ) 2b bvv p v Fρ µ∇⋅ = −∇ + ∇ +
 
 (3.3.2) 
Energy equation  
( ) ( )b pb bvc T k T Sρ∇⋅ = ∇ ⋅ ∇ +

 (3.3.3) 
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where v is the bulk fluid velocity, bρ is the bulk fluid density, p is the pressure, and bµ is 
the viscosity of the bulk fluid. In the above equation pbc represents the bulk fluid specific  
heat, bk  is the bulk fluid thermal conductivity and T is the temperature of the bulk fluid. 
The calculation of the thermo-physical properties are based on the models discussed in 
the proceeding section. 
3.3.1 Bulk Fluid Thermo-Physical Properties 
Following models are used for the calculation of the effective thermo-physical properties 
of the bulk fluid (combined carrier fluid with P.C.M. particles) 
3.3.1.1 Density 
The density of the bulk fluid is calculated using mass balance 
( )1b p fc cρ ρ ρ= + −  (3.3.4)
 
where pρ  is the density of the particles and fρ  is the carrier fluid density. 
3.3.1.2 Thermal conductivity  
Maxwell’s model is used for the calculation of effective thermal conductivity of the bulk 
fluid. The bulk thermal conductivity using Maxwell’s model[37] is calculated as 
2 2 1
2 1
p p
f f
b f
p p
f f
k kck k
k k
k kck k
 + + − 
 =
 + − − 
 
 (3.3.5)
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3.3.1.3 Viscosity 
The introduction of P.C.M. nanoparticles into the carrier fluid increases its viscosity. The 
calculation of bulk viscosity is based on Vand’s correlation.[38] as 
( ) 2.521 1.16b fc cµ µ
−
= − −  (3.3.6)
 
3.3.1.4  Specific Heat  
.An effective specific heat model is used to account for the phase change of the particles 
in the micro-channel by varying the specific heat capacity of the particles across the 
solidus and the liquidus temperatures. The specific heat of the bulk fluid is calculated 
using energy balance as [39] 
For p solidusT T<  
( ) ( )( ), 1p pp S f
pb
b
cc c c
c
ρ ρ
ρ
−+
=  (3.3.7)
 
 
 
For psolidus liquidusT T T< <  
( )( ),, 12
fusion
p
p Lp S
p fliquidus solidus
pb
b
c
c c Lc cT T
c
ρ ρ
ρ
  
   −
    
+
+ +
−
=  
(3.3.8)
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For P liquidusT T>   
( ) ( )( )1
p
pp L f
pb
b
cc c c
c
ρ ρ
ρ
−+
=
,
 
(3.3.9) 
 
where ( )p fc  is the specific heat of the carrier fluid, ( ),p S pc  is the specific heat of the 
P.C.M. particle in solid state and ( ),p L pc  is the specific heat of the P.C.M. particle in the 
liquid state. 
The thermo-physical properties of water and particles are listed in Table  3.1 
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Table  3.1 Thermo-physical properties of P.C.M. particles and Water 
 
Density 
kg/m3 
Specific Heat 
kJ/kg K 
Latent Heat 
kJ/kg 
Thermal conductivity 
W/m K 
Particle 
(Solid) 
1007 1.76 211 0.147 
Particle 
(Liquid) 
862 2.27 - 0.147 
Water 998.2 4.182 - 0.6 
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3.4  Geometric Configuration 
Three cases are modeled in the work, with the absorbing surface in different locations. 
The channel height is 5 mm. The total channel length is 1.5m, with the middle 0.5m 
section absorbing the radiation. The remaining sections are considered to be opaque. A 
Zr-N coating is used on silver substrate, coating thickness is 0.16 mµ and silver substrate 
is 0.5mm thick.  
Figure  3.5 shows the case (1), the absorbing surface is placed on the irradiated side (top). 
The absorption takes place in the top coating and then it is conducted to the fluid. 
Figure  3.6 shows the case (2), the absorption surface is placed at the bottom with a glass 
cover at the top surface to provide structural strength and transmit the radiation. The 
transmitted radiation is volumetrically absorbed in the fluid and remaining radiation gets 
absorbed in the coating. 
Figure  3.7 shows the case (3), a semi-transparent plate is added to case (2) such that 
majority of the radiation is absorbed in the middle and the coating at the bottom ensures 
that all radiation gets absorbed. 
 
  
34 
 
 
 
 
 
 
 
 
Figure  3.5. Case-1, Selective surface at top 
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Figure  3.6. Case-2, Selective surface at bottom 
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Figure  3.7. Case-3, Selective surface at bottom with mid-height semi-transparent 
absorber 
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3.5  Boundary conditions 
The Boundary conditions set are discussed below 
3.5.1 Inlet 
A uniform velocity profile is used at the inlet. The temperature of the fluid at the inlet is 
specified as 315 K, lower than the melting temperature of the P.C.M. particles.  
3.5.2 Outlet 
At the flow exit , pressure outlet boundary condition is used which specifies a zero gauge 
pressure (1atm) at the outlet. The diffusion fluxes for temperature and velocity are zero in 
the normal direction of the exit plane. 
3.5.3 Middle Top Surface 
Irradiance is applied on the 0.5m top surface at the middle of the domain. This surface is 
defined as Semi-transparent to allow irradiance to enter the domain. A mixed Thermal 
boundary condition is used to model the thermal losses from the top surface. Mixed 
boundary condition models both convective and radiation losses to the surroundings. 
3.5.4 Top Glass and Center Absorber Surface 
For cases 2 and 3, both surfaces of the top glass are set as semi-transparent 
For case 3, both surfaces of the absorber are also set as semi-transparent 
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3.5.5 Other Boundaries 
Adiabatic boundary condition is applied to all remaining surfaces, such that there is no 
heat loss from them. 
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CHAPTER 4                                                                     
NUMERICAL SOLUTION 
FluentTM uses control volume approach to discretize the governing equations. SIMPLE 
scheme[40] is used for pressure-velocity coupling. The non-linear set of equations are 
solved using iterative method with the convergence criterion of residuals set to 10-6 for 
continuity and momentum, and 10-10 for energy and DO equations. In addition, surface 
monitors at the outlet are monitored for velocity and temperature to ensure convergence. 
Due to the small thickness of the absorbing layer, non conformal meshing is used to 
allow for different mesh densities. Non-conformal meshing allows the cell zones to pass 
flux from one mesh to another even when the mesh node locations are not coinciding.  
4.1  Grid Generation 
Grid independence test was carried out to determine mesh convergence. The temperature 
profiles for the test are shown in Figure  4.1. It is evident from the Figure  4.1 that by 
increasing the mesh points there is insignificant variation in the values of the predicted 
temperature values, however by reducing the mesh points, there is a notable difference in 
the temperature values. 
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Based on the results, following mesh sizes were used: 
For the fluid flow region, there are 3,000 cells in the flow direction and 30 across the 
flow direction. 
The center absorber surface has 1,000 cell in the flow direction and 2 cells across the 
flow direction. 
The Silver layer has 1,000 cells in the flow direction and 10 cells across the flow 
direction. 
The Zr-N layer has 1,000 cells in the flow direction and 2 cells across the flow direction. 
In Figure  4.2 , the meshed domain is shown with enlarged sections within the circles 
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Figure  4.1. Grid independent results for temperature distribution at x = 0.5 m.  
It should be noted that minus 50% corresponds to half of the mesh size used in the 
simulations while plus 30% represents 1.3 times of the mesh used in the simulations. 
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Figure  4.2. The Meshed Domain 
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4.2  Model Validation 
In order to validate the model used in the simulations, the dimensionless temperature 
values are reproduced in line with the geometric configurations and the respective 
boundary conditions presented in the previous study by Veeraragavan et al. [13]. The 
identical conditions and geometry provide the comparison of dimensionless temperature 
data obtained from the analytical solution [13] and the model predictions. The findings 
are given in Table  4.1. The dimensionless length scale along the x and y-axes of the 
channel is incorporated in Table  4.1 are in line with the previous study [13]. The 
dimensionless length scale is defined as:
.
xx
H Pe
=   and 
yy
H
=   , where x and y are 
the distances along the x and y-axes, H is the channel height along the y-axis, and Pe is 
the Peclet number (Pe = Pr.Re). It can be observed that the values of dimensionless 
temperature predicted from the present study and obtained from the previous work [13] 
are in good agreement. The small discrepancies can be associated with the assumption of 
unidirectional incidence and absorption model in the analytical solution as well as the 
numerical errors related to the truncation errors. Nevertheless, the discrepancies are 
considerably small.   
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?̅?= 0.2 ?̅?= 1 ?̅?= 2 
𝑦� Simulation Literature [6] Simulation Literature [6] Simulation Literature [6] 
0.30 0.1866 0.2136 0.5842 0.6200 0.8167 0.8743 
0.35 0.1782 0.1966 0.5832 0.6108 0.8167 0.8734 
0.40 0.1697 0.1768 0.5821 0.6017 0.8166 0.8709 
0.45 0.1613 0.1608 0.5810 0.5915 0.8165 0.8671 
0.50 0.1531 0.1449 0.5799 0.5820 0.8163 0.8643 
0.55 0.1454 0.1301 0.5789 0.5739 0.8161 0.8615 
0.60 0.1382 0.1162 0.5780 0.5658 0.8160 0.8586 
 
Table  4.1 Dimensionless temperature values predicted from the present simulations and 
obtained from previous study [13] 
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CHAPTER 5                                                                          
RESULTS AND DISCUSSION 
This chapter consists of three sections. In Sections 1, the performance analysis of the 
three absorber plate configuration is discussed. In Section 2, the influence of the presence 
of phase change particles in the three configurations is discussed for lower Reynolds 
number. In Section 3, the higher Reynolds number case is discussed. 
5.1 Absorber plate configurations  
In order to assess the influence of absorbing plate on the thermal performance of the 
channel, the performance parameters are introduced in line with the previous study [41]. 
The parameters are described below 
The temperature ratio (φ ), the ratio between the maximum and bulk temperatures as 
compared to the inlet temperature,  
max b
max in
T T
T T
−
φ =
−
 
(5.1.1) 
The performance parameter ( E ), the heat gain by the flow over the heat input by the 
solar radiation in the channel,  
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gain inE Q / Q=  (5.1.2) 
where the heat input and heat gain are defined as  
inQ C I A= × ×  (5.1.3)
 
( )gain p out inQ m C T T= ⋅ ⋅ −  (5.1.4) 
where, C is solar concentration, I is incident radiation and A is the irradiated area of the 
top absorber/plate 
The Pump power lost parameter ( hL ), pump power loss over the heat gain by the fluid in 
the channel.  
L P,L gainh h / Q=  (5.1.5) 
where the pump power loss and the volume flow rate is calculated as  
P,Lh V P= ⋅∆  (5.1.6)
 
V m /= ρ   (5.1.7)
 
Where V is the volume flow rate, ΔP is pressure loss in the channel, m is the mass flow 
rate and ρ is the density of the fluid 
The heat transfer coefficient is calculated as:  
"
w b
qh
T T
=
−
 
(5.1.8) 
where "q  is the heat flux, and Tw and Tb are the wall and fluid bulk temperatures, 
respectively. The Nusselt Number can be calculated as:  
47 
 
 
hhDNu
k
=  
(5.1.9) 
 Figure  5.1 shows variation of the temperature ratio max b
max in
T T
T T
 −
 − 
with the Reynolds 
number for three locations of the absorbing plate in the channel and one solar 
concentration (C=1). Figure  5.2 shows variation of the temperature ratio with the 
Reynolds number for three locations of the absorbing plate in the channel and five solar 
concentrations (C=5). It should be noted that Tmax represents the maximum temperature in 
the channel; Tb is the bulk temperature of the fluid and Tin is the inlet fluid temperature. 
The temperature ratio increases with increasing Reynolds number, which is more 
pronounced for Re ≤ 150. As the Reynolds number increases, the rise in the temperature 
ratio becomes gradual. High values of temperature ratio represent the low values of bulk 
temperature. It should be noted that the variation in the maximum temperature is small in 
the channel for all configurations of the absorbing plate. Consequently, increasing fluid 
bulk temperature lowers the temperature ratio. The convection heat transfer from the 
plate increases at high Reynolds number. This, in turn, lowers fluid bulk temperature, 
since mass flow rate increases at high Reynolds numbers. The location of the absorbing 
plate in the channel influences the temperature ratio significantly, which is more 
pronounced at high Reynolds numbers. In this case, the maximum temperature occurs at 
the surface of the absorbing plate and heat conduction and convection from the plate 
surfaces determines fluid bulk temperature. Consequently, location of the plate at the 
mid-height of the channel improves bulk temperature of the working fluid. Since the 
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absorption of the incident solar radiation is considered in the analysis, locating the 
absorbing plate at the bottom of the channel allows more radiation energy being absorbed 
by the fluid before reaching the absorbing plate. However, the amount absorbed energy 
by the fluid is considerably small, due to low absorption coefficient of the working fluid 
[42]. Therefore, fluid bulk temperature does not increase notably. Consequently the 
temperature ratio increases and becomes almost the same as that corresponding to the 
absorbing plate location at the top of the channel. Moreover, as the solar concentration 
increases (C = 5), temperature ratio reduces. This is attributed due to the followings; 
i. The maximum temperature and the fluid bulk temperature increase in the 
flow and temperature difference between the maximum and the fluid bulk 
temperatures becomes small giving rise to low values of temperature ratio, 
and 
ii. the maximum temperature increases with increasing solar concentration so 
that temperature difference between the maximum temperature and the 
fluid inlet temperature increases, which in turn lowers the temperature 
ratio. The location of absorbing plate at the top of the channel results in the 
highest temperature ratio then follows the locations at the bottom of the 
channel and at the mid-height of the channel. The attainment of high 
temperature ratio for the location of the absorbing plate at the top of the 
channel is attributed to the radiation losses from the plate’s outer surface to 
its surroundings. 
Figure  5.3 shows performance parameter (heat gain over heat input, Qgain/Qin) with the 
Reynolds number at different locations of absorbing plate in the channel and for one solar 
concentration (C=1). Figure  5.4 shows performance parameter with the Reynolds number 
at different locations of absorbing plate in the channel and five solar concentrations 
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(C=5). Increasing Reynolds number results in increased performance parameter. This is 
associated with the increased mass flow rate, which increases with increasing Reynolds 
number. Although temperature at the channel exit and bulk fluid temperature attain low 
values for high Reynolds numbers, increasing mass flow rate overcomes this shortcoming 
and enhances the performance parameter. In the case of different locations of the 
absorbing plate in the channel, the performance parameter increases considerably for the 
plate location at the center of the channel. This is attributed to the attainment of high bulk 
fluid temperature at the channel exit, which can also be observed from Figure  5.1 and 
Figure  5.2. However, the performance parameter becomes the lowest at the absorbing 
plate location of the top of the channel, which is true for all Reynolds numbers. As the 
solar concentration increases, so does the fluid bulk temperature at the channel exit. This 
gives rise to increased performance parameter as compared to solar concentration of one 
(C = 1). The influence of Reynolds number on the performance parameter for C = 5 is 
similar to that corresponding to C = 1. This is attributed to the mass flow rate, which 
increases with increasing Reynolds number. However, the location of the absorbing plate 
significantly influences the performance parameter; in which, the behavior of 
performance parameter differs for C = 5 than that of C = 1. The absorbing plate location 
at the top and center locations of the channel results in almost similar performance 
parameter behavior with increasing Reynolds number. This indicates that the gain of the 
solar energy absorbed by the fluid and by the absorbing plate located at the channel 
bottom is not significantly high.  
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Figure  5.5 shows the pump power loss parameter (pump power loss over heat gain, 
,p L
gain
h
Q
 
  
 
 with Reynolds number for different locations of the absorbing plate in the 
channel and for one solar concentration (C=1). Figure  5.6 shows the pump power loss 
parameter with Reynolds number for different locations of the absorbing plate in the 
channel and for five solar concentrations (C=5). It should be noted that the pressure drop 
takes place along the channel length due to fluid friction, which is presented as hp,L. The 
pump power loss parameter attains low values because of the small frictional loss along 
the channel and heat gain from the solar radiation is much higher than the pump power 
loss. The pump power loss parameter increases with increasing Reynolds number, which 
is more pronounced at high Reynolds numbers. The sudden increase in the pump power 
loss parameter at Re ≅ 180 is associated with the flow velocity, which increases with the 
Reynolds number. Since the increase in the frictional loss is not a linear function of the 
fluid velocity in the channel, the increase in the frictional loss appears to be sharp for 
Re>180. The absorbing plate locations at top and bottom of the channel results in almost 
similar pump power loss parameter. However, the absorbing plate location in the channel 
center gives rise to the highest pump power loss parameter. This is attributed to the 
boundary layer developed at the surface region of the plate; in which case, the rate of 
fluid strain remains high in this region. This, in turn, enhances the pressure drop in the 
channel; therefore, the pump power loss parameter increases considerably with increasing 
Reynolds number. 
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Figure  5.1. Temperature ratio ( max b
max in
T T
T T
−
φ =
−
) with Reynolds number  
for concentration C = 1. 
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Figure  5.2. Temperature ratio ( max b
max in
T T
T T
−
φ =
−
) with Reynolds number  
for concentration C = 5. 
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Figure  5.3. Performance parameter (Qgain/Qin) with Reynolds number  
for concentration C = 1. 
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Figure  5.4. Performance parameter (Qgain/Qin) with Reynolds number  
for concentration C = 5. 
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Figure  5.5. Pump power loss parameter ( ,p L
gain
h
Q
 ) with Reynolds number  
for concentration C = 1. 
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Figure  5.6. Pump power loss parameter ( ,p L
gain
h
Q
 ) with Reynolds number 
for concentration C = 5. 
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5.2  Low Reynolds Number with P.C.M. 
The performance of the volumetric solar absorption system, including the absorbing plate 
and the phase change particles (P.C.M.) in the channel flow, is investigated for various 
lower Reynolds numbers.   
Figure  5.7 shows the Nusselt number variation along the solar absorber plate for various 
Reynolds numbers. The location of the absorber plate is at the top surface of the channel. 
The Nusselt number increases in the neighborhood of the absorber plate inlet. The 
increase in the Nusselt number is associated with the phase change particles. In this case, 
temperature rise in the fluid is suppressed by the phase change particles in the vicinity of 
the absorber plate wall. This, in turn, results in increased temperature difference between 
the fluid and the absorber plate wall while enhancing the Nusselt number. However, once 
the phase change is completed, the fluid temperature increases due to the sensible heating 
of the fluid. The Nusselt number, then, reduces accordingly. The similar behavior of the 
Nusslet number is also observed in the previous study [36]. Once the phase change 
particles are completely dissolved in the carrier fluid, temperature difference between the 
fluid and the absorber wall remains almost the same along the channel length. This 
results in constant Nusselt number along the remaining section of the channel length. 
Increasing Reynolds number shifts the location of the initiation of the phase change along 
the absorber surface. This is because of the forced convection effect; in which case, the 
fluid temperature remains low in the initial segment of the absorber wall. Therefore, the 
fluid temperature reaching the liquidus temperature of the phase change particles is 
delayed along the absorber wall. Once the phase change initiates, the Nusselt number 
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increases and its behavior becomes almost similar to that corresponding to the low 
Reynolds numbers. Although the sensible heating of the fluid enhances after completion 
of the phase change at high Reynolds numbers, the Nusselt number variation does not 
alter notably in the downstream of the channel length. It should be noted that the fluid 
bulk temperature reduces slightly with increasing Reynolds number after the completion 
of the phase change in the fluid. The Nusselt number variation is also shown in (Figure 
 5.8), (Figure  5.9) and (Figure  5.10) for the absorber plate locations of at the mid-height 
and at the bottom of the channel as well as at the bottom of the channel only, 
respectively. It should be noted that the Nusselt number variation is presented along the 
absorber wall. Since two surfaces of absorber are present, Nusselt number variations are 
presented for two surfaces of the absorber at location of the mid-height of the channel. 
The Nusselt number variation shows similar behavior for all locations to that 
corresponding to the top surface, provided that the Nusselt number increases slightly at 
the bottom surface of the absorber, which is located at the mid-height of the channel. The 
Nusselt number enhancement is attributed to the low fluid temperature between the 
absorber and the bottom wall of the channel. Although the radiation absorption by the 
fluid in the channel is incorporated in the simulations, the absorber plate is considered to 
transmit only 50% of the incident solar radiation towards the bottom wall of the channel. 
Therefore, the absorber wall temperature becomes higher than the bulk fluid temperature 
between the absorber and the bottom wall. This, in turn, enhances the heat transfer rates 
from the absorber bottom wall to the neighboring fluid while enhancing the Nusselt 
number along the absorber bottom wall. In the case of absorber location at the bottom 
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wall (Figure  5.10), the peak Nusselt number increases with increasing Reynolds number. 
This behavior is attributed to the low fluid temperature near the absorber wall region due 
to high convection current. Although high Reynolds number delays the phase change in 
the absorber wall vicinity, it improves the peak value of the Nusselt number in the 
channel. The similar behavior is also observed for the absorber location at the mid-height 
of the channel. The Nusselt number behavior at the top and bottom surfaces of the plate 
differs slightly from each other. In this case, a sharp decay of the Nusselt number is 
observed from its peak value, which indicates the attainment of slightly high fluid 
temperature towards the downstream along the absorber wall.  
Figure  5.11 show contour plots of temperature and the specific heat in the channel for 
different locations of the absorber plate and for the Reynolds number Re = 7. 
Temperature of the fluid increases towards the downstream of the channel, particularly in 
the region of the absorber plate. This is case convection, conduction, and radiation heat 
transfer from the absorber plate as well as the incident solar radiation by the fluid are 
responsible fluid temperature increase in the flow downstream.  
Figure  5.12 show contour plots of temperature and the specific heat in the channel for 
different locations of the absorber plate and for the Reynolds number Re = 7.  The 
increase in the specific heat is associated with the phase change of the P.C.M. particles in 
the channel. It is evident that the phase change completes almost at the initial length of 
the absorber plate where the Nusselt number is high. Once the phase change is 
completed, the fluid bulk temperature increases due to the sensible heating. This, in turn, 
61 
 
 
suppresses the Nusselt number increase in the absorber wall vicinity in the downstream 
of the absorber plate. 
Figure  5.13 shows the performance parameter (Qgain/Qin) with the Reynolds number for 
the absorber plate location at the top surface of the channel. The performance parameter 
for water is also shown for the comparison. The performance parameter increases with 
increasing Reynolds number. This is associated with the energy gain due to increased 
mass flow rate at high Reynolds number, despite the fact that the fluid bulk temperature 
reduces with increasing Reynolds number. The performance parameter is higher for the 
carrier fluid with P.C.M. particles as compared to water alone. This is because of the 
energy gain of the working fluid due to the latent heat of melting of the P.C.M. particles. 
However, the thermal energy gain as compared to water alone is slightly higher at low 
Reynolds number than that corresponding to the high Reynolds number. This indicates 
that the completion of the phase change in the early stage, due to low Reynolds number 
flow, enables the working fluid to gain thermal energy through sensible heating. In this 
case, early completion of the phase change results in high fluid bulk temperature towards 
the exit of the channel. However, the magnitude of the performance parameter becomes 
less for the absorber plate location at the mid-height of the channel. Therefore, locating 
the absorber plate at the channel mid-height does not gives rise to better thermal 
performance in terms of thermal energy gain by the fluid as compared to corresponding 
to the absorber location at the top surface. The radiation loss from the channel top surface 
is incorporated in the simulations for both absorber plate locations. Although, 
temperature of the plate attains high values for the location at the surface, the emissivity 
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of the absorber plate is low (ε = 0.039). It should be noted that the absorber plate is 
considered to have the selective surface coated by ZrN. Therefore, the radiation losses 
from the surface become small. The performance parameter for the absorber plate 
location at the bottom of the channel is larger than the other locations of the absorber 
plate in the channel. In this case, absorption of incident solar radiation by the fluid as well 
as by the selective surface at the channel bottom contributes to the increase in the fluid 
bulk temperature. It should be noted that the radiation model, which is incorporated in the 
simulations, allows the absorption of incident radiation by the fluid. Moreover, the 
performance parameter also attains higher values for water where the absorber plate 
location is at the bottom of the channel as compared to those corresponding to the other 
locations. This is associated with the convective heating of the absorbing plate and the 
energy gain by the fluid through absorption of the incident solar radiation.  
Figure  5.14 shows pump power loss parameter for different absorber plate locations in 
the channel. The presence of P.C.M. particles enhances the pump power loss parameter, 
which is more pronounced at high Reynolds numbers, the viscosity of the carrier fluid 
increases with the presence of P.C.M. particles in the carrier fluid. This, in turn, increases 
the frictional drag in the channel. In the case of absorber plate location at the channel 
bottom, the behavior of the pump power loss parameter is similar to that corresponding to 
the absorber plate at the top surface of the channel. However, this behavior differs 
significantly for the absorber plate location at the mid-height of the channel as compared 
to the other locations of the absorber plate. This is associated with the frictional drag 
developed at the top and bottom surfaces of the absorber plate as well as the pressure 
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drag formed due to the thickness of the absorber plate. In this case, the value of the pump 
power loss parameter increases almost double of that corresponding to the other locations 
of the absorber plate.  
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Figure  5.7. Nusselt number variation along the absorber plate surface in the channel for 
various Nusselt numbers. The absorber location is at the top of the channel. 
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Figure  5.8. Nusselt number variation along the absorber plate surfaces in the channel for 
various Nusselt numbers. The absorber location is at the mid-height and at the bottom of 
the channel. The Variation is for top surface of the center absorber. 
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Figure  5.9. Nusselt number variation along the absorber plate surfaces in the channel for 
various Nusselt numbers. The absorber location is at the mid-height and at the bottom of 
the channel. The variation is for bottom surface of the absorber. 
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Figure  5.10. Nusselt number variation along the absorber surfaces in the channel for 
various Nusselt numbers. The absorber plate location is at the bottom of the channel only. 
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Figure  5.11. Temperature contours in the channel for different locations of absorbing 
plate. The carrier fluid contains 7% (by volume) of P.C.M. particles and the Reynolds 
number is 7.  
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Figure  5.12. Contours of specific heat in the channel for different locations of absorbing 
plate. The carrier fluid contains 7% (by volume) of P.C.M. particles and the Reynolds 
number is 7.  
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Figure  5.13. Performance parameter with Reynolds number for the carrier fluid with (0%) 
no P.C.M. particles and with 7% (by volume) P.C.M. particles and for three different 
absorber locations in the channel. 
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Figure  5.14. Pump power loss parameter with Reynolds number for the carrier fluid with 
no P.C.M. particles and with 7% (by volume) P.C.M. particles and different absorber 
plate locations in the channel. Since the pump power loss parameter due to water (0% 
P.C.M. particles) is identical for the absorber plate locations at the top and at the bottom 
of the channel, curve legend of Top+Bottom is used for this purpose. 
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5.3 High Reynolds Number with P.C.M. 
 
The performance characteristics of solar volumetric absorption system consisting of 
absorber plate and channel flow with presence of phase change particles are investigated 
for various solar concentrations and high flow Reynolds numbers. The absorber plate is 
placed in three different locations in the channel to assess the influence of absorber plate 
location on the heat transfer rates in the channel.  
Figure  5.17, Figure  5.16 and Figure  5.17 shows temperature contours in the channel at 
different locations of the absorber plate for solar concentration C = 5 and two Reynolds 
numbers (Re = 50 and Re = 100). The influence of the absorber plate location on 
temperature filed is clearly observed from the figures. In addition, changing Reynolds 
number effects the temperature distribution in the channel. This is associated with the 
distribution of amount of solar absorption in the channel; in which case, changing the 
location of the absorber plate alters the energy absorbed from the solar radiation in the 
channel. The phase change of P.C.M. particles takes place once the melting temperature 
is reached. This suppresses the temperature rise locally in the channel until the phase 
change completes. Sensible heating takes over immediately after the melting is completed 
above the liquidus temperature of phase change particles; this, in turn, enhances 
temperature increase in the channel.   
Figure  5.18 and Figure  5.19 show the Nusselt number variation along the absorber plate 
for different solar concentrations and two Reynolds numbers, respectively. It should be 
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noted that the absorber plate location is at the top surface of the channel (Figure  3.5). The 
Nusselt number reduces along the length of the absorber plate, which is more pronounced 
for high solar concentration. Although the concentration of the phase change particle is 
7%, phase change particles melts almost instantly because of the attainment of high fluid 
temperature in the vicinity of the absorber surface. It should be noted that introducing 
high solar concentration at the absorber surface enhances temperature of absorber plate 
and fluid in the neighborhood of the absorber plate surface. This, in turn, lowers 
temperature difference between absorber and working fluid; thereby, lowering the 
Nusselt number along the absorber plate surface. As the solar concentration reduces (C = 
5), difference between the absorber plate wall temperature and temperature of working  
fluid in its neighborhood becomes less, which in turn gives rise to slight changes in 
Nusselt number. The Nusselt number reduces slightly in the close region of the absorber 
plate length of 0.8 m. This occurs for solar concentration C = 5, which is attributed to the 
end of phase change of P.C.M. particles where fluid temperature increases to the liquidus 
temperature of P.C.M. particles; in which case, sensible heating enhances the fluid 
temperature while lowering temperature difference between the absorber plate wall and 
its neighborhood fluid temperatures. Consequently, the Nusselt number attains slightly 
low values in this region. When comparing Figure  5.18 and Figure  5.19, it can be 
observed that the behavior of the Nusselt number is almost the same for both Reynolds 
numbers, despite the fact that increasing Reynolds number increase the fluid inertia force; 
thereby, thinning the thermal boundary layer in the vicinity of the absorber plate wall. 
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Figure  5.20 and Figure  5.21 show the Nusselt number variation along the absorber plate 
surface for different solar concentrations and two Reynolds numbers, respectively. It 
should be noted that the absorber plate is located at the bottom of the channel. In the 
simulations, radiation model incorporates absorption, emission, and transmittance of the 
incident solar radiation within the working fluid. Therefore, incident solar radiation 
undergoes partially absorption and scattering by the working fluid prior reaching to the 
absorber plate at the channel bottom. The Nusselt number reduces along absorbing plate 
length. However, the Nusselt number attains slightly higher values for low solar 
concentration. In this case, complete melting of phase change particles takes place in the 
downstream region of the absorber plate. Therefore, fluid temperature in the 
neighborhood of the absorber plate remains within the range of solidus and liquidus 
temperatures of the phase change particles. This, in turn, enhances the Nusselt number 
slightly for low solar concentration. The effect of Reynolds number on the Nusselt 
number variation becomes visible along the absorber plate length 0.6 ≤ Length ≤ 0.9. In 
this case, contribution of the phase change particles to maintain low fluid bulk 
temperature changes while modifying the Nusselt number along the absorber plate 
surface. However, this effect is not significantly high, since Nusselt number variation is 
on the order of few percent only. 
Figure  5.22 and Figure  5.23 show the Nusselt number variation along the absorber plate 
surface located at the channel bottom for different solar concentrations and two Reynolds 
numbers, respectively. However, additional solar absorber is located at the mid-height of 
the channel and solar absorber is considered to have 50% transmittance capacity to the 
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incident solar radiation. Therefore, absorber plate located at the channel bottom enables 
to absorb the transmitted solar radiation through the first solar absorber at the channel 
mid-height. Although the radiation model incorporates absorption of incident solar 
radiation by the working fluid, significant amount of absorption takes place by the solar 
absorber at the channel mid-height and absorber plate at the channel bottom. However, 
consideration of 50% transmittance of the absorber plate at the channel mid-height lowers 
the absorber plate temperature at the channel bottom. Consequently, heat transfer from 
the absorber plate to the working fluid causes gradual progressing of the phase change 
along the absorber plate surface at the channel bottom. Since the liquidus and solidus 
temperature difference is 1°C, the phase change of the particles suppresses the working 
fluid temperature increase in the vicinity of the absorber plate. Therefore, the Nusselt 
number increases significantly along the absorber plate surface. In addition, lowering 
solar concentration extends the phase change process towards the downstream of the 
absorber plate while delaying the completion of the phase change in this region. This 
situation is also seen at high Reynolds number (Re=100). Although the behavior of the 
Nusselt number along the plate surface for two Reynolds number is similar, the length 
scale where the phase change is completed influences the magnitude of the Nusselt 
number at the channel bottom. When comparing the Nusselt number for different 
locations of the absorber plate (Figure  5.18, Figure  5.20, Figure  5.22) for all Reynolds 
numbers considered in the current study, it is evident that the absorber plate location at 
the mid-channel height results in the highest Nusselt number. 
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Figure  5.24, Figure  5.25 and Figure  5.26 show the performance parameter (Qgain/Qin) with 
the Reynolds number at different locations of absorber plate for different solar 
concentrations. It is evident that increasing solar concentration enhances the performance 
parameter, provided that the location of absorber plate influences this variation with the 
Reynolds number. In this case, the performance parameter increases almost linearly with 
increasing Reynolds number. As the absorber plate location changes to mid-height of the 
channel and to the channel bottom, the performance parameter reduces almost linearly 
with increasing Reynolds number for low solar concentration (C = 5). This indicates that 
operating solar volumetric absorber system incorporating the absorber plate at the mid-
height of the channel lowers the thermal performance of the system at high Reynolds 
number. Increasing performance parameter with increasing Reynolds number is 
associated with the increased mass flow rate at high Reynolds numbers. Since, Qgain (heat 
gain) increases with increased mass flow rate while Qin remains the same for given solar 
concentration. When comparing the performance parameter at different locations of the 
absorber plate in the channel, one can observe that the absorber plate at the top of the 
channel results in the highest performance parameter. Consequently, using the selective 
surface with low reflectivity and emissivity at the top of the channel gives rise to the 
highest performance parameter for the range of solar concentrations and volume fractions 
of phase change particles used in the system. In addition, operating the system at high 
solar concentration is fruitful, since the performance parameter improves notably. 
Figure  5.27 shows pump power loss parameter, as defined in equation(5.1.5), with 
Reynolds number at different locations of the absorber plate in the channel. The pump 
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power loss is associated with the frictional loss in the channel and pressure drop due to 
the presence of the absorber plate at the mid-height of the channel. The pump power loss 
parameter increases with increasing Reynolds number. Since the fluid friction in the 
channel increases with increasing Reynolds number, the pump power loss parameter also 
increases at high Reynolds numbers. Since the absorber plate surface is leveled with the 
channel wall when its locations are at the top and the bottom of the channel, the pump 
power loss parameter becomes identical at these locations of the absorber plate. The 
pump power loss parameter increases significantly for the absorber plate location at the 
mid-height of the channel. This is attributed to:  
i. pressure loss due to pressure drag, and  
ii. enhancement of the frictional loss due to exposure of both surface of the 
absorber plate to the working fluid. Consequently, absorber plate location 
at the mid-height of the channel increases significantly the hydrodynamic 
losses in the channel. 
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Figure  5.15. Temperature contours in the channel for Top absorber plate location.  
C = 5 , Re = 20, 100 
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Figure  5.16. Temperature contours in the channel for different absorber plate locations.  
C = 5 Re = 20, 100 
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Figure  5.17. Temperature contours in the channel for different absorber plate locations. 
C = 5 Re = 20, 100 
. 
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Figure  5.18. Nusselt number variation along the absorber plate for different 
concentrations and Re = 50. The absorber plate is at the top of the channel. 
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Figure  5.19. Nusselt number variation along the absorber plate for different 
concentrations and Re = 100. The absorber plate is at the top of the channel. 
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Figure  5.20. Nusselt number variation along the absorber plate for different 
concentrations and Re = 50. The absorber plate is at the bottom of the channel. 
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Figure  5.21. Nusselt number variation along the absorber plate for different 
concentrations and Re = 100. The absorber plate is at the bottom of the channel. 
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Figure  5.22. Nusselt number variation along the absorber plate for different 
concentrations and Re = 50. The absorber plate is at the bottom of the channel and 50% 
transmitted absorber at the mid-height of the channel. Variation at Top Surface of Center 
Absorber 
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Figure  5.23. Nusselt number variation along the absorber plate for different 
concentrations and Re = 100. The absorber plate is at the bottom of the channel and 50% 
transmitted absorber at the mid-height of the channel. Variation at Bottom Surface is 
shown. 
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Figure  5.24. Performance parameter variation with Reynolds number for different 
concentrations. The absorber plate is at the top of the channel. 
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Figure  5.25. Performance parameter variation with Reynolds number for different 
concentrations. The absorber plate is at the bottom of the channel. 
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Figure  5.26. Performance parameter variation with Reynolds number for different 
concentrations. The absorber plate is at the bottom of the channel and 50% transmitted 
absorber at the mid-height of the channel. 
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Figure  5.27. Pump power loss parameter variation with Reynolds number for different 
concentrations and different absorber plate locations in the channel.  
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CHAPTER 6                                                                   
CONCLUSION AND FUTURE WORK 
This chapter is divided into four sections. In the first three sections, concluding remarks 
on results in previous chapter are presented. In the last section, some directions are given 
in which this work can be extended. 
6.1  Absorber plate configuration 
Thermal performance of solar absorption heating system using the absorbing plate in the 
horizontal channel is examined. The location of the absorbing plate in the channel is 
varied and the performance characteristics including performance parameter and the 
pump power loss parameter are obtained for various Reynolds numbers. In the analysis, 
energy equation incorporating the full radiation heat transfer is used with the appropriate 
boundary conditions. In order to validate the model developed, the previous analysis 
presented for the solar absorption in a channel flow is simulated incorporating the 
identical boundary conditions. It is found that model predictions agree well the findings 
of the previous study. Bulk fluid temperature attains high values for the absorbing plate 
location at the center of the channel. Increasing Reynolds number lowers bulk fluid 
temperature in the channel, which is more pronounced at high Reynolds numbers. The 
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performance parameter (Qgain/Qin) increases with increasing Reynolds number, which is 
associated with the high mass flow rate at high Reynolds numbers. Increasing solar 
concentration has significant effect on the performance parameter; in which case, 
performance parameter increases notably at high solar concentrations. The performance 
parameter varies with the location of absorbing plate in the channel. In the case of low 
solar concentration (C = 1), the absorbing plate at mid-height of the channel results in the 
highest performance parameter. However, this changes at high solar concentration (C = 
5); in which case, the performance parameter attains the highest value for absorbing plate 
location at the top of the channel. The pump power parameter increases with increasing 
Reynolds number due to increased frictional losses in the channel. In addition, the pump 
power loss parameter attains the highest value for the absorbing plate location at the mid-
height of the channel. 
6.2  Low Reynolds Number with P.C.M. Particles 
Thermal performance characteristics of volumetric solar absorption flow system 
including absorbing plate in the channel are investigated. Absorber plate consists of a 
selective surface, which is made from ZrN coating at the silver thin plate surface.  In 
order to enhance the heat storage capacity of the working fluid, the phase change 
particles consisting of lauric acid is incorporated in the analysis. The study is extended to 
include the influence of the Reynolds number on the performance and pump power loss 
parameters for different locations of the absorber plate in the channel. It is found that the 
performance parameter, which is defined as the thermal energy gain over the solar heat 
input, is higher for the absorber plate location at the bottom surface of the channel as 
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compared to those corresponding to the top and mid-height of the channel. This is 
attributed to the increased fluid bulk temperature due to convection, conduction, and 
radiation heat transfer from the absorber plate to the working fluid as well as absorption 
of the incident solar radiation by the fluid. The presence of phase change particles 
influences the thermal energy storage capacity of the working fluid; in which case, the 
performance parameter increases considerably as compared to that corresponding to 
water only. Increasing Reynolds number increases the performance parameter 
significantly, which is attributed to heat transfer due to forced convection. The pump 
power loss parameter behaves similar for the absorbing plate location at the top and at the 
bottom of the channel. However, it increases almost double of its value for the absorber 
plate locations at the mid-height of the channel due to pressure loss. 
6.3  High Reynolds Number with P.C.M. Particles 
The performance characteristics of volumetric solar absorber consisting of an absorber 
plate and channel flow are simulated for different solar concentrations and Reynolds 
numbers. In order to improve thermal storage capacity of the working fluid, phase change 
particles at 7% volume concentration is incorporated in the carrier fluid. Lauric acid is 
used as phase change particles and water is the carrier fluid. The absorber plate consists 
of ZrN thin coating (16 µm) onto a silver plate. The influence of absorbing plate location 
on the heat transfer is also examined in the channel. It is found that the Nusselt number 
along the absorber plate surface increases considerably with the absorber plate location at 
the mid-height of the channel. This is attributed to the behavior of phase change process 
in the neighborhood of the absorber plate surface. Although solar absorption and 
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scattering of working fluid is incorporated in the radiation model, the significant amount 
of absorption takes place at the absorbing plate in the channel. Increasing Reynolds 
number modifies slightly the Nusselt number behavior along the absorber plate surface. 
In this case, the phase change process extends over the length of the absorber plate 
surface at high Reynolds number. The performance parameter increases almost linearly 
with increasing Reynolds number; however, the change in concentration alters this 
behavior. Therefore, the performance parameter reduces with increasing Reynolds 
number at low concentration, which is true for the absorber plate location at the mid-
height and at the bottom of the channel. The performance parameter is the highest for the 
absorber plate location at the top surface of the channel. Consequently, operating the 
volumetric solar absorption system at high Reynolds number for absorber plate location 
at the top of the channel provides improved thermal energy gain, which is more 
pronounced at high concentrations. The pump power loss parameter increases 
significantly for the absorber plate location at the mid-height of the channel. 
6.4  Future Work 
The flow behavior through three geometric channels is considered with different 
positions of the absorbing surface. There are certain directions in which this work can be 
extended. 
The center absorber was taken at the mid-height of the channel. Its position can be altered 
by moving it upwards or downwards. It would affect the results as seen from Figure  5.11, 
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where the bulk temperature at the top section of the channel is lower than the lower 
section. By moving the plate down, much more uniform temperature can be achieved. 
The addition of Lauric acid particles decreased the thermal conduction of the fluid. 
Particles with higher thermal conductivity like Alumina particles may be added to 
increase the thermal conductivity of the slurry. 
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NOMENCLATURE 
a absorption coefficient [m-1] 
A irradiated area [m2] 
CE conversion efficiency 
C solar concentration 
c volume concentration of nano particles 
 cp specific heat [ J kg-1 K-1] 
cp,S specific heat of particles in solid state[ J kg-1 K-1] 
cp,L specific heat of particles in liquid state [ J kg-1 K-1] 
Dh hydraulic diameter channel [m] 
E performance parameter 
fd diffuse fraction 
h heat transfer coefficient [W m-2 K-1] 
hL pump power loss parameter 
hp,L pump power loss [Pa] 
I incident radiation intensity [W m-2] 
k thermal conductivity [W m-1 K-1] 
Lfusion latent heat of fusion of P.C.M. particles [J kg-1] 
m  mass flow rate [kg s-1] 
n refractive index 
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Nu Nusselt number 
p pressure [Pa] 
Pe Peclet number 
Pr Prandtl number 
ΔP pressure loss in the channel [Pa] 
q” heat flux [W m-2] 
Q a absorbed solar flux [W m-2] 
Q e emitted flux [W m-2] 
Q gain energy gained by the fluid [W] 
Q in incident energy [W] 
Q s incoming solar flux 
Re Reynolds number 
S energy source term 
T local temperature [K] 
Tb bulk fluid temperature [K] 
Tin temperature at inlet of control volume [K] 
Tmax maximum local temperature [K] 
Tout temperature at exit of control volume [K] 
Tsolidus lower melting temperature [K] 
Tliquidus upper melting temperature [K] 
Tw wall temperature [K] 
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v velocity [m s-1] 
V  volume flow rate [m3 s-1] 
 
Greek Symbols 
εw wall emissivity 
φ  temperature ratio 
ρ density [kg m-3] 
σ Stefan-Boltzmann constant 
µ dynamic viscosity [N s m-2] 
 
Subscripts 
b bulk fluid 
f carrier fluid 
p particle 
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